To gain further insight into the mechanisms underlying jet formation and elongation of laser sintered shaped charge liners under high strain rate deformation, Cu-Cr-Zr alloy liners fabricated by selective laser sintering process were deformed by explosive detonation. Their as-manufactured (liner) and resultant (slug) microstructure have been investigated in comparison with those of traditional machined liners employing both optical and scanning electron microscopy. The resultant slug microstructure of both machined and laser sintered liners revealed a smaller refined equiaxed grain size consistent with traditionally fabricated liners, characteristic of dynamic recrystallization. The disappearance of the (originally present) pores in the post-shot/recovered material microstructure was observed for laser-sintered liners. Comparison of the forward and rear region of the slug revealed variations in liner deformation, a result attributed to temperature variation across the slug. In contrast with the machined liner, a unique feature of precipitation, observed in the ending (slug) microstructure of the laser sintered liner is indicative of the associated extreme high strain and strain rate liner deformation which occurred during slug formation. The precipitates are likely compounds of Chromium and Zirconium which are constituents of the laser sintered copper alloy-the first time this observation is reported. This study provides a link between post charge evolution microstructure and liner manufacturing processes, potentially providing a new route to help optimise jet formation and effectiveness.
Introduction
It has become widely accepted that shaped charge liners undergo dynamic recrystallization during liner collapse and jet formation to produce refined microstructures [1] [2] [3] . Under high strain/strain rate conditions, severe plastic deformation of the liner gives rise to nucleation and growth of new grains by continuous accumulation of dislocations [4] . During this process, low angle boundaries are being transformed into high angle boundaries accompanied by subdivision of original grains into small, sometimes equiaxed grains with significant microstructural refinement [5] . Although the resultant microstructure is controlled by the degree of deformation [1] , it is influenced majorly by the strain/strain rate as well as the deformation temperature (itself a function of the nature of load on the liner) which varies along the jet length [5, 6] . This variation, result in segments of the ending (slug) microstructure having higher deformation with apparently more refined microstructure than others [7] . Guo et al. observed that, in spite of the small equiaxed microstructure observed in recovered Tungsten slugs, significant variations in grain size were recorded at the centre, 0.5 and 1 mm away [7] . In short, the grain size of the slug appeared to change linearly outward with the smallest grains at the centre and the largest in the outer regions. A similar observation was reported by Murr et al., [2] , where different grain sizes were observed at three concentric rings with the middle ring having the largest. Usefully, analysis of hydrocode simulations of a stretching shaped charge jet has revealed higher temperatures [6] and strain at the centre indicative of a higher degree of deformation. A relationship between the starting liner grain size D 0 and the ending grain size (D s ), revealed that smaller starting liner grain sizes produce correspondingly smaller grain size ratios [1] because lower starting grain sizes are associated with dramatically higher levels of liner volumetric stored energy [8] . This implies that the ending grain size is influenced not only by the starting grain size but by the degree of deformation.
In addition to the starting liner microstructure, other factors such as the liner material properties, particularly; thermal conductivity and heat capacity as well as processing route have been reported to have a significant influence on the ending microstructure [7] . As an example, Murr et al., [9] observed that the grain size ratio between the starting and ending microstructure of Tantalum differs widely from that of Copper (by a ratio of 10:1.5), something the authors attributed to inherent liner material properties. In a separate study, comparing differences in processing technique, it was observed that equiaxed and well-annealed Tantalum both showed similar slug microstructural features which were consistent with a forged Tantalum liner, but with variations in average grain size. While the forged liner showed a resultant grain size of 35 μm, the equiaxed and well-annealed liner averaged 5 μm. With regards to the effects of processing routes, similar microstructural differences have been reported for several processing techniques [10] . A case in point is the difference observed between OFE copper and electrolytic tough pitched copper (ETP). In contrast to OFE copper, the ETP copper showed significant voids [11] , suggesting an effect of processing technique on the ending (slug) microstructure. Surprisingly, while several liner processing techniques has been examined [10] , liners fabricated by selective laser sintered (SLS) process have yet to be considered. This study consequently deals with the characterization and analysis of slug recovered from explosively deformed laser sintered liner. In the present work, liners fabricated by both conventional machining and the selective laser sintering process were deformed by explosive loading to form jet and slug. We examined the microstructures of the liners and resultant slugs in comparison with machined OFC copper liner employing both optical and scanning electron microscope (SEM).
Experimental Method
Oxygen free copper (OFC) and CuCrZr alloy of grade C18150 were employed for the production of the machined and laser sintered liners respectively. The chemical composition of CuCrZr alloy of grade C18150 employed is detailed at Table 1 .
The liners design used was of 50-mm charge diameter and 1.5 mm liner wall thickness and was inclined at 42° (cone angle). The sintered liner was solution annealed at 960 °C for 3 h, water quenched and heat treated at 460 °C for 3 h, while the machined liners were used as produced. Figure 1 shows images of the produced liners. The liners were deformed in the plastic and hydrodynamic regimes upon detonation with Plastic Explosive Number 8 (PE8). The jet tip velocity produced by the machined liner was determined independently using AUTODYN 2D hydrocode to be 8.6 km/s. The jet was allowed to penetrate a mild steel target placed 3 charge diameters away. After firing, the resultant slugs were recovered, sectioned transversely to the slug axis, prepared and observed optically and in scanning electron microscope (SEM). Metallographic preparation involved successively finer (320 grit and then 800 grit) silicon carbide grinding followed by rough polishing using 3-micron diamond suspension and then a final polish using an alumina suspension. Ammonium hydroxide/hydrogen peroxide etch was then employed before both optical and SEM analysis (using an Olympus BX53M optical and Scanning Electron Microscope, Hitachi type SU3500 respectively).
For grain size measurement, three standard ASTM approaches were considered. These were: a comparison procedure which involved a direct comparison of the grain structure to a series of the graded image superimposed over the microstructure; the planimetric (or Jeffries) procedure which requires actual counting of the number of grains within a known area and the Intercept procedure. These approaches have been summarized in Ref. [12] . Of the three approaches, the intercept procedure which is faster and more convenient than the planimetric method was employed to determine the grain sizes of the starting (liners) and ending microstructure. Further, the intercept method has demonstrated reliability and efficiency for the determination of grain size and is particularly recommended for grains that depart from uniform equiaxed form [12] . The Heyn Lineal Intercept procedure backed by Image J software which Figure 2 shows optical micrographs of the machined and laser sintered copper liner before deformation. The microstructure of the laser sintered liner (Fig. 3b ) consists of elongated grains along the build direction. The density of the machined liner was measured using an XS 105 dual range analytical balance from Mettler Toledo as 8.91 ± 0.02 g/cm 3 while the laser sintered liner was found to be 8.77 ± 0.02 g/ cm 3 , comprising approximately 98-99% copper with 1-2% Chromium and Zirconium. The average measured grain size of the machined liner was ~ 54 μm ± 4 μm while the laser sintered liner after being solution annealed at 960 °C for 3 h, water quenched and heat treated at 460 °C for 3 h, exhibited elongated grain sizes ranging from circa 20 and 70 μm ± 6 μm along the horizontal and vertical axis respectively; an indication of a partially recrystallized structure arising from the sintering and post-production processes on the fabricated part. Essentially, fusion heat caused in situ recrystallization during the building process [13] , resulting in partial recrystallization of the microstructure. Of particular significance is the presence of pores which is one of the common defects in SLS liners [14] and which are observable in the SEM image in Fig. 3 . The pore sizes and shapes are irregular with no distinct pattern. In addition, there are characteristic lines running diagonally which likely correspond to the layer boundaries in areas of their fusion during sintering ('scan tracks'); this supposition is backed by their separation which nominally correspond to the laser sintered machine manufacturing tolerance of separation of ca. 100 mm per-sweep. However, it is not known whether the grain structure or chemical composition along the track would differ from other regions. Further work may be required in this regard to ascertain this.
Results and Discussion

Optical Metallography of Slug Recovered from the Machined Copper Liner
It is pertinent to note that unlike the soft recovery process where the jet/slug is recovered in flight, interaction between the jet and mild steel plate could increase the strain and generate higher deformation temperature in the jet/slug, leading to higher grain refinement. Figure 4 shows optical metallographic observations of both the starting and ending microstructures of the machined copper liner and recovered slug for comparison. It is very convincing that there is a significant reduction in the grain size of the recovered slug compared to the starting liner material. The measured grain size of the recovered slug averaged 6 μm ± 2 μm This phenomenon (grain size reduction/refinement) has been reported extensively elsewhere [1, 8] , consistent with the concept of dynamic recrystallization occurring at such high strain rates. In fact, Murr et al., observed a reduction in grain size by a factor of 10 for copper shaped charge liners. In this study, the measured recovered material grain sizes were equiaxed, consistent with previous work [2, 15] and varies from the initial liner grain size (an average of 54 μm) by a factor of 9. A similar study on Tungsten shaped charges liners revealed the role of dislocations in the refinement of the microstructure during dynamic recrystallization suggesting a link between strain and grain size of the recovered slug [7] . We have also observed variations in grain size refinement in various sections of the recovered slug. As an example, the forward (tip region) and the rear sections of the recovered slug detailed in Fig. 5 shows some variation in the grain sizes. Although slightly, it is apparent that there is a more refined microstructure with smaller grain sizes in the rear (Fig. 5a ) of typical average grain size of 4 ± 2 μm than in the forward section (Fig. 5b) where a typical average grain size of 7 ± 2 μm is apparent (please note that no particular attention was placed on the distance/depth from the centre axis at which the samples were extracted from both positions). This provides further proof of the variation in the degree of deformation in the microstructure across the resultant slug. This observed apparent variation in the grain size refinement at different sections of the slug has been reported severally elsewhere [2, 9, 16] . However, in all the recovered slug sections for the machined copper liner, no melt-related phenomenon was observed on the samples analysed-strongly suggesting hydrodynamic behaviour (flow, rather than melt). Figure 6 shows an image of the recovered laser sintered slug while Fig. 7 shows optical metallographic observations of the starting and ending microstructures of the laser sintered copper liner and slug for comparison. In contrast with the elongated grains observed along the build direction of the starting liner microstructure, the recovered slug shows a more refined/microstructure with a reduction in the average grain size from 20 ± 3 μm in the vertical direction to an average grain size of ~ 14 μm. As the final grain size is dependent on the initial grain size, the low reduction in variation between the initial and ending microstructures is attributed to the already reduced starting grain size resulting from the post-processing of the sintered liner part. More importantly, the pores which were observed in the starting liner are completely absent in the slug. While it is difficult to rule out any form of melting or melt-related phenomenon as reported in previous shaped charges studies [5] , several precipitates, distributed randomly in the microstructure were visible and concentrated along the grain boundaries. A similar observation has been reported in Ref. [13] of a sintered CuCrZr alloy during high-temperature annealing. X-ray diffraction analysis of the precipitate revealed a high content of Cr and Zr with dimensions ranging from the nm to μm scale without forming any intermetallic compounds. While Cu 8 Zr 3 precipitates were formed at higher temperatures, in contrast with Cu 10 Zr 7 , the variation in behaviour of the precipitates suggests the influence of temperature and annealing condition on the precipitation pattern. As a consequence, the apparent high temperature encountered during the jet formation process is a possible cause of the precipitation observed in this study. Whether the precipitate is a result of melt or melt related phenomenon is a subject of discourse. However, it is pertinent to point that, no melt or melt-related phenomenon has been reported in previous shaped charge studies [7] except for electroformed nanosized nickel liners where melting was observed due to the high volumetric stored energy associated with small grains [8] . Hence, even though the liner flows hydrodynamically ('as fluid') under impact loading, it remains solid because the liner is not heated to its melting temperature [17] . In fact, at such extremely high strain/strain rate the liner deforms plastically and is drawn in the form of a wire with diameter much lower than the initial diameter. Under such conditions, it is very likely that the precipitates of Chromium and Zinc are evolved as Chromium is not soluble in Copper. Previous work on the heat treatment of CuCrZr at 450 °C indicates a high content of Cr and Zr located at the melt pool boundaries [13] , something similar to the slug microstructure observed here which indicates that the particles have formed during the solidification of the melt pool. As such, we speculate that the formation of precipitates in the slug is an indication of adiabatic temperature rise during liner collapse and jet formation. However, as this is only a speculation, further work may be required may be required to confirm the compound formed.
Optical Metallography of Slug Recovered from Laser Sintered Liner
A particularly interesting phenomenon is the further grain size reduction and precipitates observed in the rear slug ( Fig. 7c ) in comparison with the forward section; similar behaviour observed in the ending microstructure of machined liners. Although the depth from which the samples were collected were not considered (in both liner processing techniques), it is only an indication of the degree of deformation in various sections of the slug.
A comparison of the final/ending microstructure of the machined and laser sintered liners in Fig. 8 revealed two different ending microstructures. Firstly, as mentioned earlier, while the machined liners showed an equiaxed grain size distribution, the microstructure of the resultant slug from the laser sintered liner showed the presence of precipitates distributed randomly. Although, the precipitates formed were not investigated in this study, previous work has shown that because of the low solubility of Chromium in Copper, the formation and growing of Chromium precipitates especially at grain boundaries (apparent in the recovered slug here) is triggered by high temperatures and exposure times [13] which suggest the 
Measurement of the Jet Temperature
The first attempt to measure the temperature of a shaped charges jet was by Von Holle and Trimble [17] . Employing infrared radiometry technique, properties of 81.3 mm diameter copper shaped charge jet loaded with Comp. B or Octol were determined. An average recorded jet temperature of 428 °C (701 K) was measured for Comp. B, while 537 °C (810 K) was recorded for Octol [18] . Subsequent measurement recorded by Lassila found an exterior jet temperature of 500 °C using CALE-an arbitrary Lagrange-Eulerian computer code [19] . Essentially, jet heating results from the interaction of the detonation waves with the liner (grazing detonation), plastic work during liner collapse, and jet elongation [19, 20] . In this study, an Autodyn 2D [21] [22] [23] numerical algorithm was used to study temperature variation in shaped charges. The use of Autodyn 2D to measure jet temperature was employed by Elshenawy et al., for a Zirconium shaped charge jet but was limited to the jet temperature for calculating the break-up time of Zirconium liners [6] . Here, the temperature at different sections of the jet was calculated to proffer a possible explanation to the variation in grain refinement in various sections of the jet. The hydrocode temperature calculations were first validated by modelling a BRL-81.3 mm shaped charge [24] in the multimaterial Eulerian grid, employing the complete Mie-Gruneisen form of the equation of state which describes the heat capacity variations and thermodynamic properties with a reference temperature of 300 K and heat capacity 3.83 e-4 J/ Kg K [25] . We derived the temperature of the jet due to severe plastic work, during jet elongation (as this has been shown to produce higher temperature increase in the jet), rather than the grazing detonation wave (occurring during liner collapse) [20] for an 81.3 mm shaped charge. The longitudinal section of Autodyn 2D shaped charge layout is shown in Fig. 9 .
The jet temperature was recorded at three different times: 36 μs, 45 μs and 54 μs respectively during the jet elongation regime. From the resultant jet profiles in Fig. 10 , it is apparent that temperature varies across the jet length with the highest temperature (up to 1500 K) on the jet axis while the outer surface temperature ranges from 795 K (522 °C) to 905 K (632 °C).
When the temperature and time are plotted in Fig. 11 , it was observed that the jet temperature rises initially to a peak before equilibrating at a steady temperature of 710 K (437 °C). This recorded temperature agrees well with the temperature recorded by Von Holle and Trimble (720 K) [17] . The high temperature recorded on the jet central axis is likely a result of the high dynamic pressure at the collision point as the liners interact with each other. This extremely high-temperature phenomenon at the jet centre axis could account for the unique liner deformation patterns reported in the region around the jet axis. For instance, metallurgical examination by Lassila et al., [19] of soft recovered copper jet particles and slug indicate that a central region of approximately 10% of the jet's diameter was molten. Baoxiang et al. observed a wave pattern around the centre axis of the jet microstructure, characteristic of fluid instability which was speculated to cause jet break up [26] . More interestingly, the presence of a central hole at the jet centre axis [26] which was postulated to account for an unexplained 6.5% density deficit [27] in stretching shaped charge jets [26] was noted. Although these phenomena were attributed to high dynamic pressure (around 70 GPa recorded at a distance less than 1 mm from the axis and decaying to an average of approximately 15 GPa), which tends to resist further compression of the liner towards the centre axis and possibly altering the deformation pattern [26] , from the findings reported here, giving the high temperature recorded at the jet central axis, it is likely that the material in the central region of the jet and slug experiences melting (lasting for only a short time-a few microseconds) as the temperature's recorded are higher than the melting temperature of Copper-something observed by Lassila [19] to account for the 10% melt phenomenon recorded in her work. If this is true, and under such molten state, it is speculated that, the forward action of the travelling molten jet would invariably cause a corresponding backward motion of the fluid, leaving a space (centre hole in the jet and slug).
To verify temperature distribution across the jet length, moving temperature gauges were placed at the outer, middle and inner surfaces of the liner represented in Fig. 13 . It is generally known that for conventional conical charges, the first 30-40% of the liner from the theoretical apex forms the tip of the jet [28] . Employing a simple Lagrangian coordinate, postulated by Carleone and Chou [21] in Fig. 12 , we identified suitable positions of various segments of the jet and on the liner where our gauges were placed [21] . The axial liner position is described by coordinate "x" whereas the position of the jet is given by coordinate in Eq. 1:
where Z(x) is the location of the formation, t o is the time at which the liner element first arrives at the axis, and V j (x) is the jet velocity, which is a function of the liner position and time. Accordingly, we measured the jet temperature at various positions of the jet including the outer surface, midradius and jet centre. The temperature across the jet length was also evaluated by placing temperature gauges on defined
areas on the liner as shown in Fig. 13 to obtain corresponding temperatures at the marked regions on the jet (Fig. 14) .
From Fig. 15 , it is apparent that the temperature across the jet width varies linearly outward. The highest temperature was recorded at the gauge trace closest to the inner centre axis (1100 K) and this was observed to decrease outward towards the surface, consistent with the jet profile ( Fig. 9 ) suggesting that temperature decreases as the jet elongates. Hence the jet centre is heated higher than the outer surface providing evidence of temperature variation along the entire jet width with resultant variation in grain refinement.
To investigate how the temperature varies across the jet length, temperature gauges were placed at three different outer positions on the jet (gauges 4, 5 and 6, in Fig. 16 ). Adequate care was taken to ensure the gauges sat Fig. 12 Relationship between the liner coordinate × and the jet coordinate ξ adapted from Ref. [28] Fig. 13 The cross section of the liner showing gauge locations horizontally at the same depth on the outer surface. The highest temperature was found at the forward section of the jet and this decreases down to the rear as can be seen in Fig. 16 ; an indication of the temperature variation across the jet length. If this trend continues across the entire jet and slug length, it would therefore suggest that temperature across the outer surface of the jet length varies with the jet tip recording higher temperatures.
Conclusion
The starting microstructures for machined and laser sintered copper shaped charge liners have been compared with corresponding, recovered (ending) slugs-the first time the microstructure of recovered selective laser sintered slugs has been studied. It has been observed that: a. Consistent with previous work [1, 2, 5, 9] , a common feature of both processing techniques in terms of their end/post-employment microstructures is a reduction in grain size (slug), which is a classical feature of dynamic recrystallization. b. Variation in grain refinement at different sections of the slug is an indication of differences in the degree of deformation attributed to temperature variation across the jet length and width. c. According to jet temperature calculations, it has been shown that the jet central axis experiences a transient higher temperature exceeding the melting temperature of copper; this is speculated to account for the 10% melt reported by Lassila et al., [19] , wave fluid like instability reported by Baoxiang et al., [26] and the observed hole in the centre of soft recovered jet. d. The precipitates formed in the ending microstructure of recovered laser sintered slug are likely compounds of Chromium and Zirconium formed from an adiabatic temperature rise during liner deformation.
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